2+ -mobilising second messenger and atrial IP 3 receptor (IP 3 R) expression is greatly increased in atrial fibrillation (AF). Cardiac atrial and sino-atrial node (SAN) myocytes also express Ca 2+ -stimulated adenylyl cyclases (AC1 and AC8); however the pathways underlying atrial AC1 and AC8 activation are unknown. We investigated whether IP 3 signalling in cardiac atria and SAN utilises ACs. Immunocytochemistry in isolated guinea pig atrial myocytes identified co-localisation of type 2 IP 3 Rs with AC8, while AC1 was located in close vicinity. UV photorelease of IP 3 significantly enhanced Ca 2+ transient amplitudes following stimulation of atrial myocytes (31 ± 6 % increase 60 s post photorelease, n=16), an effect abolished by inhibitors of ACs (MDL-12,330) or PKA (H89). The maximum rate change observed in spontaneously-beating murine right atrial preparations exposed to phenylephrine (14.7 ± 0.5 %, n=10) was significantly reduced by 2.5 µmol/L 2-APB and abolished by a low dose of MDL-12,330. These observations are consistent with a functional interaction between IP 3 and cAMP signalling involving Ca 2+ stimulation of ACs in cardiac atria and the SAN. Structural evidence supports AC8 as the most likely effector. This signal transduction mechanism is important for future study in atrial physiology and pathophysiology, particularly AF.
Introduction
Calcium handling in the heart is vital to normal physiological function, arising from the interaction of multiple, highly regulated, calcium signalling pathways. The atrial and ventricular chambers of the heart have very different functions and therefore it is not surprising that there are many differences between atrial and ventricular myocytes in excitation-contraction coupling and in the handling of Ca 2+ ions by different intracellular compartments. One characteristic feature of atrial myocytes is the relative abundance of receptors for inositol trisphosphate (IP 3 ) compared with ventricular myocytes 1 . IP 3 is a Ca 2+mobilising second messenger 2 which acts to open IP 3 receptors (IP 3 R), located on the sarcoplasmic reticulum (SR) of cardiomyocytes 1, 3 . IP 3 is positively inotropic in atrial 1 and ventricular 4 preparations, and is positively chronotropic in the sino-atrial node 5, 6 . IP 3 is synthesised upon stimulation of phospholipase C (PLC), commonly but not exclusively by Gprotein coupled receptors associated with Gq 7 . In cardiac myocytes endothelin-1 (ET-1), angiotensin II (Ang-II) and phenylephrine (PE) all increase intracellular IP 3 level 8 via their actions at the Gq-coupled ET-A, Ang-II and α -adrenergic receptors respectively.
Early functional studies revealed a much greater effect of IP 3 -associated stimuli on the contractility of atrial preparations than upon their ventricular counterparts 9 and expression of IP 3 R type 2 (IP 3 R2) is now known to be at least six times greater in atrial myocytes 1 . IP 3 R expression is significantly increased during atrial fibrillation in both human patients 10 and animal models 11 . Further, inhibiting G q -coupled AngII receptors has been shown to prevent the early remodelling associated with rapid atrial pacing 12 . Patently, this evidence demonstrates that understanding the functions and underlying physiology of the IP 3 pathway is particularly important in the cardiac atria.
In healthy atrial myocytes, Gq-associated signalling causes an IP 3 R-dependent increase in the Ca 2+ spark rate of quiescent myocytes and amplitude of the stimulated Ca 2+ transient and Ca 2+ current 13 , effects matched on direct application of IP 3 1,14 . Interestingly, even in healthy cells, IP 3 -dependent stimulation can be associated with the generation of spontaneous diastolic Ca 2+ events 1,3 .
Adenylyl cyclase (AC) enzymes catalyse the production of cAMP. cAMP, in turn, activates PKA and, in the sino-atrial node, also directly regulates the funny current I(f) 15 . AC5/6 are the predominant AC isoforms traditionally associated with cardiac myocytes 16 , but atrial and sino-atrial node myocytes also express the Ca 2+ -stimulated isoforms AC1 and AC8 17 .
Chelation of intracellular Ca 2+ using BAPTA, or inhibition of ACs using MDL-12,330 (MDL), reduces I(f) in guinea pig sino-atrial node myocytes by shifting the voltage of halfactivation to more hyperpolarised voltages; an effect consistent with changes in cellular cAMP. This effect of BAPTA on I(f) is reversed by direct stimulation of ACs using forskolin but is not potentiated by further inhibition of ACs using MDL, consistent with the hypothesis that cAMP from Ca 2+ -dependent ACs affects I(f) under physiological conditions in cardiac pacemaker cells 17 . Similarly, in guinea pig atrial myocytes BAPTA and MDL reduce peak I CaL amplitude and the effect of BAPTA is abolished when it is applied in the presence of forskolin or high concentrations of patch-applied cAMP 18 . The effects of BAPTA appear to be calmodulin, but not CaMKII, dependent 19 , consistent with the known Ca 2+ -dependent activation mechanism of ACs 1 and 8 20, 21 . Further, expression of Ca 2+ -stimulated AC1 enhances beating rate in HCN2-mediated 'biological pacemakers' 22 .
Considering the above lines of evidence, we sought to investigate the importance of cellular cAMP generation to the effect of IP 3 -dependent signals in the atria and sino-atrial node.
Results

Type 2 IP 3 receptors are co-localised with AC8 in cardiac atrial myocytes
In agreement with published literature 1 , type 2 IP 3 receptors were visualised in a punctate pattern at the cell periphery consistent with a position on junctional SR ( Figure 1B ). Staining for type 1 ( Figure 1A ) and type 3 IP 3 ( Figure 1C ) receptors did not demonstrate a distinct sub-cellular pattern.
As has been previously described 17, 18 , immunolocalisation of AC8 indicated a band at or just beneath the sarcolemma. Pixel by pixel analysis revealed substantial co-localisation between AC8 and type-2 IP 3 receptors in isolated guinea pig atrial myocytes, Pearson overlap coefficient R = 0.81 ± 0.02 (n=14, Figure 1D -F).
AC1 staining was localised to a band which was consistently nearby but predominantly just inside type 2 IP 3 receptors and signals were not substantially overlapping (R = 0.36 ± 0.03, n=18, Figure 1G -I).
The effect of IP 3 on cellular Ca 2+ transients requires functional adenylyl cyclases and PKA IP 3 is not cell permeant and is broken down rapidly within cells. In addition, as activation of α -ARs (e.g. using PE) may result in signalling via alternative pathways including activation of PKC via diacylglycerol (DAG) 23 , for our experiments we used a cell-permeant, caged version of the compound (IP 3 /PM) to provide cell stimulation specifically via this second messenger from an exogenous source. This IP 3 compound crosses the cell membrane, is deesterified by constitutive esterase activity and trapped, and finally can be activated by 'uncaging' through brief exposure to UV light.
If Ca 2+ release through IP 3 receptors is stimulating cAMP production and PKA activity through AC8, and/or AC1, which is plausible given the immunocytochemistry described in PE responses in cat atrial myocytes have been reported to be dependent on nitric oxide modulated soluble guanylyl cyclase activity 24 . We therefore carried out IP 3 photorelease in the presence of either 10 µmol/L ODQ to inhibit soluble guanylyl cyclase, or 100 µmol/L L-NAME to inhibit nitric oxide synthase. There was no change in the response to IP 3 photorelease in the presence of ODQ (P>0.05, ANOVA, n=10, Figure 2B+F ) or L-NAME (P>0.05, ANOVA, n=4, Figure 2B+G ); under both conditions Ca 2+ transient amplitude increased significantly over time, beginning rapidly after photorelease of IP 3 , and was not significantly different to control at any timepoint.
The positive chronotropic effect of PE on the sino-atrial node also requires functional adenylyl cyclases
It has been established that endogenous generation, or exogenous administration, of IP 3 in the sino-atrial node leads to an increase in spontaneous beating rate, accompanied by an increase in Ca 2+ transient amplitude 5 , whilst cAMP from Ca 2+ -stimulated adenylyl cyclases has been shown to modulate the funny current in these cells 17 . Spontaneously beating atrial tissue preparations can also provide a measure of sino-atrial node activity through measurement of beating rate. Log(concentration)-response curves to PE in the concentration range 0.1 -30 µmol/L were carried out on spontaneously beating isolated murine right atria in the presence of 1 µmol/L metoprolol to ensure no confounding action of β -adrenergic receptors. Under these conditions, the positive chronotropic response to PE fit a standard agonist doseresponse curve with an EC50 of 1.12 µmol/L (95 % CI 0.56 to 2.22) and a maximum rate increase of 15.1 ± 0.2 % (n=10, Figure 3A ).
Addition of a low concentration of 2-Aminoethyl diphenylborinate (2-APB) (2.5 µmol/L),
which is low enough to inhibit IP 3 -dependent effects in cardiomyocytes without altering cellular Ca 2+ transient amplitude or SERCA function 5, [25] [26] [27] , had no significant effect on right atrial beating rate over the course of at least 30 min (P>0.05, Paired t-test, n=7, Figure 3B ). In the presence of 2-APB, the maximum rate increase observed on addition of PE was significantly reduced, to 4.7 ± 0.2 % (n=7, Figure 3A ), without significant effect on EC50
(1.69 µmol/L, 95 % CI 0.99 to 2.89).
Addition of 1 µmol/L MDL to inhibit adenylyl cyclase activity led to a 34.5 ± 6.4 % reduction in beating rate in the absence of further intervention ( Figure 3B , P<0.05, Paired ttest, n=5). Under these conditions, bath application of cumulative doses of PE no longer led to an increase in beating rate (maximum rate change 0.7 ± 0.2 %, n=5, Figure 3A ).
In agreement with the IP 3 photorelease data detailed above, neither L-NAME (100 µmol/L, n=6), nor ODQ (30 µmol/L, n=5) had a significant effect upon spontaneous beating rate under control conditions ( Figure 3B ), the maximum response to PE or the EC50 of the response to PE ( Figure 3A ).
Discussion
This study represents the first measurements that link direct cellular stimulation with IP 3 in atrial myocytes to downstream actions via the generation of cAMP and activation of PKA.
Our work is consistent with the hypothesis that interaction of IP 3 -mediated Ca 2+ release with the cAMP system is essential for the positive inotropic and chronotropic effects of this compound in the cardiac atria and sino-atrial node, and that this is physiologically important in the response of these tissues to α -adrenoceptor stimulation. Structural studies using immunostaining methods, which initially led us to investigate this intriguing possibility within our preparations, highlight the Ca 2+ -stimulated isoform AC8 as a probable candidate for this interaction, although involvement of AC1 cannot be excluded.
Ten mammalian adenylyl cyclase isoforms have been discovered, nine membrane bound and one soluble form. Of these, three are Ca 2+ -sensitive; AC1 is CaM-dependently Ca 2+ stimulated 20 with an EC50 for Ca 2+ of 75 nmol/L 28 , AC8 is CaM-dependently stimulated 21, 29 with a Ka for Ca 2+ activation of ~0.5 µmol/L 30 and AC5 is CaM-independently inhibited 31, 32 . The majority of previous studies on AC1 and AC8 pertain to roles in the brain, where these enzymes have been implicated in a range of processes including spatial memory formation [33] [34] [35] , neurodevelopment 36 , responses to inflammatory pain 37 and opioid dependence 38 . AC1 may also have a role in podocytes of the glomerulus of the kidney 39 .
Our immunocytochemistry data demonstrates that AC8 is found in close proximity to IP 3 Rs in cardiac atrial myocytes whereas AC1 is found in a band just inside these receptors. AC8, therefore, is ideally positioned to transduce local changes in Ca 2+ into the cAMP-dependent and PKA-dependent effects detailed in this paper; namely the modulation of cellular Ca 2+ transients in response to IP 3 . Given the known position of IP 3 Rs on the junctional SR 1,3 , it is not possible for our staining to distinguish whether AC8 is located on the SR itself or on the surface membrane, situated less than 20 nm away 40, 41 . Sucrose-based fractionation of isolated SAN myocytes has indicated that AC1 and AC8 activity is most associated with fractions also containing caveolin-3 42 . In other cell types AC8 has been localised to caveolae 43 , and disruption of lipid rafts has been seen to abolish the stimulation of this cyclase by Ca 2+
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. Taken together, this evidence is consistent with a surface membrane distribution of this enzyme. Although it seems most likely that Ca 2+ released via IP 3 Rs activates colocalised AC8, the possibility that this Ca 2+ could also diffuse to activate nearby AC1 cannot be excluded.
The schematic shown in Figure 4 provides an illustration of the cellular pathway, supported by the data presented in this paper, which may result following activation of the IP 3 signalling cascade. Increased generation of cAMP via Ca 2+ activation of AC8 (or AC1) may lead to activation of PKA and multiple downstream actions that result in increases in cellular calcium transient amplitude or beating rate at the sino-atrial node. In particular, previous publications from the Terrar group support a role for AC8/AC1 in modulation of: I(f) in sinoatrial node myocytes 17 and L-type Ca 2+ current in atrial myocytes 18 . The precise contributions of these actions require further investigation and may also include PKA mediated phosphorylation of ryanodine receptors (RyR) 44 , L-type Ca 2+ channels (LTCC) 45 , phospholamaban (PLB) 46 and the Na + /Ca + exchanger (NCX) 47, 48 . It is possible that the activity of PKA augments regulation by PKC, which has also been well documented at these same target sites and is similarly activated via stimulation of G q coupled receptors [49] [50] [51] [52] [53] . The use of caged-IP 3 in this study however rather than stimulation of G q coupled receptors ( Figure   2 ) demonstrates that the effects on cellular Ca 2+ observed in the present study can occur via the effects of IP 3 signalling specifically and are independent of activation of DAG.
Under the conditions of our study, inhibition of ACs or PKA significantly reduced baseline stimulated Ca 2+ transient amplitude in atrial myocytes and beating rate in right atrial preparations. This is consistent with published data from our group 17, 18 and others 54, 55 .
Indeed, it has previously been shown that heart rate in AC8 over-expressing mice is significantly higher than in their wild-type counterparts 56 . The sino-atrial node has a constitutive level of cAMP which is significantly greater than that of the ventricle in the absence of adrenergic stimulation 57 . How much of this activity is attributable specifically to Ca 2+ -stimulated ACs is not discernable from our experiments as selective inhibitors are not currently available for all ACs. The diastolic cell Ca 2+ concentration in SAN myocytes, ~225 nmol/L 58 , is considerably higher than that in ventricular cells. Given that AC1 and AC8 proteins have not been shown to be expressed in ventricular tissue 17 , it seems likely that cAMP production by Ca 2+ -stimulated ACs could contribute to the differences between resting SA nodal and ventricular cAMP concentration previously reported 57 . Indeed, cAMP synthesis activity is high in SAN myocyte lysates in 1 µmol/L Ca 2+ but almost abolished in Ca 2+ -free solution 42 , suggesting Ca 2+ -stimulated cAMP production may be the dominant mechanism in these cells at rest. Our data indicate that high constitutive cAMP production in the atria and sino-atrial node cannot be attributed to background IP 3 R activity under the conditions of our experiments, as 2-APB alone did not have a significant effect on cellular Ca 2+ transient amplitude or tissue beating rate.
In atrial myocytes isolated from cat, the effects of PE to enhance I CaL have been reported to occur through inhibition of phosphodiesterase downstream of PI-3K-mediated eNOS activation 24 . It was concluded that the primary role of IP 3 -mediated Ca 2+ release in this process was to stimulate eNOS. Whilst we agree that cAMP and PKA are central to the response of atrial myocytes and the sino-atrial node to PE, and IP 3 , we did not find evidence that nitric oxide or soluble guanylyl cyclase activity was required for enhancement of atrial whole-cell Ca 2+ transients in the guinea pig or SA-nodal beating rate in the mouse under the conditions of our experiments.
It has previously been hypothesised that Ca 2+ release through IP 3 Rs acts to enhance atrial myocyte Ca 2+ transients by increasing the local Ca 2+ concentration around RyRs and therefore enhancing RyR response to the opening of LTCC 1, 14 . Although this is plausible, and has been observed in an IP 3 R over-expression model 59 The present paper provides novel information regarding the signalling pathways responsible for physiological responses to IP 3 , namely a crucial requirement for cAMP and PKA. In particular, we have focused on the position of Ca 2+ -stimulated ACs as an effector of this interaction. These novel data are not only interesting in that they provide an added level of complexity to Ca 2+ modulation in the atria and sino-atrial node, but that they also raise questions about the mechanisms and role of this signalling in common pathology. nm with emission collected >515 nm. An excitation filter of 543 nm and an emission filter at 600 ± 15 nm were used to detect AlexaFluor 555. In order to quantify the relationship between the red and green signals that were created during double labelling experiments, we carried out a pixel-by-pixel co-localisation analysis. The analysis used produced Pearsons coefficient, which is between -1 (total exclusion of the signals) and +1 (complete colocalisation of the signals).
Methods
Atrial myocyte isolation
Ca 2+ transient imaging and IP 3 Photorelease
For whole-cell fluorescence experiments, isolated atrial myocytes were incubated with Fluo-5F (3 µmol/L) for 10 min then plated to a glass cover slip for imaging. Solution flow rate was 3 mL min -1 .
For photorelease experiments, isolated atrial myocytes were incubated for 60 minutes at room temperature with 0.5 µmol/L membrane-permeant caged IP 3 (caged-IP 3 Resting tension was set between 0.2 and 0.3 g, the tension signal was low-pass filtered at 20
Hz and beating rate calculated from the time interval between contractions. After stabilisation (variation in average rate of a 10s sample of no more than 2 bpm over a 10-minute period), 
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